In the context of flexural strengthening of concrete structures, fiber reinforced polymers (FRP) have been used mostly by two main techniques: Externally Bonded Reinforcement (EBR) and NearSurface Mounted (NSM). Both strengthening techniques are applied on the cover concrete, which is normally the weakest region of the element to be strengthened. Consequently, the most common problem is the premature failure of the strengthening system that occurs more frequently in the EBR one. In an attempt of overcoming this weakness, another technique has been proposed, called MF-EBRMechanically Fastened and Externally Bonded Reinforcement, which uses multi-directional carbon fiber laminates, simultaneously glued and anchored to concrete. To compare the efficiency of NSM, EBR and MF-EBR techniques, four-point bending tests with RC beams were carried out under monotonic and cyclic loading. In this work the tests are described in detail and the obtained results are discussed.
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3 increase of up to 50% of the carrying capacity was observed in some cases, when compared with the reference structure. Additionally, the occurrence of a more ductile failure mode for the FRP system is referred [5] [6] [7] [8] [9] [10] [11] [12] . Nevertheless, some notable disadvantages of this technique have been reported, including greater initial cracking induced by the impact of fasteners in high-strength concrete, and less-effective stress transfer between the FRP and concrete due to the discrete attachment points [13] .
Based on the MF-FRP technique, the mechanically fastened and externally bonded reinforcement technique (MF-EBR) has been proposed [14, 15] . The MF-EBR combines the fasteners from the MF-FRP technique and the externally glued properties from the EBR. In addition, all the anchors are pre-stressed.
When this strategy is applied high levels of efficacy can be observed.
To assess the efficiency of EBR, NSM and MF-EBR techniques, four-point bending tests with RC beams were carried out under monotonic and fatigue loading. The tests are described and the results are presented and discussed in detail. To appraise the capabilities of a computer program for the prediction of the behaviour of RC beams strengthening according to these techniques, a code package based on the finite element method (FEM) which includes several constitutive models for the material nonlinear analysis of RC structures was applied on the simulation of the beams submitted to monotonic loading.
Experimental Program
To appraise the effectiveness of the EBR, MF-EBR and NSM techniques, an experimental program composed of two series of four beams each was carried out. The difference between the series is restricted to the loading configuration: one series was subjected to monotonic loading, while the other to fatigue loading. Each series is composed of a reference beam (REF) and a beam for each investigated strengthening technique.
Specimens and Test Configuration
The RC beams have a cross section of 200 mm wide and 300 mm height, and 2000 mm of support distance. All the beams have three longitudinal steel bars of 10 mm diameter (3Ø10) at the bottom, and 2Ø10 at the top (see Fig. 1 ). The transverse reinforcement is composed of steel stirrups of 6 mm diameter (Ø6) with a constant spacing of 100 mm in order to avoid shear failure. Fig. 2 includes the cross section of the strengthened beams. 
In this experimental study, a four-point bending test configuration was adopted for the monotonic and fatigue tests (see Fig. 3a ). A servo-controlled hydraulic system was used to perform the monotonic tests under displacement control, with a deflection rate of 20 µm/s, using the linear variable differential transducer (LVDT) located at the mid-span of the beam (LVDT3 in Fig. 3 ).
The fatigue tests were performed between a minimum fatigue level of S min =25% and maximum fatigue level of S max =55%, where the S is the ratio between the applied load and the load carrying capacity, F m , of the corresponding monotonic beam. According to [2] at 1 million cycles, the fatigue strength of the CFRP material is generally between 60 and 70% of the initial static ultimate strength and is relatively unaffected by the moisture and temperature exposures of concrete structures unless the resin or fiber/resin interface is substantially degraded by the environment. In addition, for the present specimens the yielding of the tensile longitudinal reinforcement start at about S max =60%. Due to these reasons, S max was defined as equal to 55%. The S min was defined taking into account the maximum allowed deflection amplitude that can be applied with the servo-controlled device working at a frequency of 2 Hz. The fatigue tests were composed by three main steps: initially, a monotonic loading was applied under force control at a load rate of 100 N/s up to the maximum level (S max ), in order to obtain the initial response of the beam; then, 1 million cycles were imposed at 2 Hz of frequency between S min × F m and S max × F m ; finally, a monotonic loading up to the failure, with the same configuration of the monotonic tests, was applied to the beams.
In addition to the LVDT3, four other LVDTs were used to record the deflections in the loaded sections (LVDT2 and LVDT4) and at the sections coinciding with the free end of the FRP systems (LVDT1 and LVDT5), see Fig. 3a . Strain gauges were glued on the longitudinal steel reinforcement and 
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on the FRPs to measure the strains during the tests, see Fig. 3b -e. The LVDTs had an accuracy of 1.0 µm and a stroke of ±12.5 mm.
Material Characterization
The mechanical characterization of the concrete was assessed by means of compression tests. For this purpose, six cylindrical concrete specimens were tested at the time of the tested beams to evaluate the compressive strength and the modulus of elasticity according to the recommendations [16] and [17] The steel of the longitudinal bars and stirrups has a denomination of A400 NR SD according to [18] . The main mechanical properties of these steel bars are presented in the numerical simulation section.
Additional information related with the experimental characterization of the steel bars can be found elsewhere [19] .
In this work, two different types of CFRP laminates were used: unidirectional (UD-CFRP) for the cases of EBR and NSM techniques, and multi-directional (MDL-CFRP) for the case of the MF-EBR technique. Both laminates have smooth surface. Tensile tests were performed according to [20] for both laminates (UD-CFRP and MDL-CFRP) to assess their tensile properties. Bearing tests with MDL-CFRP specimens were performed, according to [21] , to evaluate the bearing resistance of this composite. A detailed description of these tests can be found elsewhere [15] . 
Preparation of the Specimens
The preparation of the strengthened beams required several steps. For EBR and NSM beams, the strengthening procedures are quite well documented in the literature [22] . In the case of the MF-EBR beam, its strengthening involved the following main procedures:
a.
Holes of 11 mm of diameter and 100 mm depth were made in the soffit of the beam. The holes were cleaned using compressed-air and a steel brush;
b.
The holes were filled with the chemical adhesive, and the fasteners were then inserted up to a depth of 100 mm; c. A rough concrete surface was assured using a rotary hammer with a needle adapter. Compressedair was used to clean the final surface;
A transparent acrylic strip was used to mark the fasteners position and, then, the holes in the laminates were executed. The laminates were cleaned with acetone;
e.
Epoxy adhesive was applied on the treated area in the concrete surface and on the laminate surface that will be in contact;
f. The laminate was placed on the concrete surface and pressed against it to create a uniform thickness of 1 to 2 mm; g. The adhesive in excess was removed and the fasteners were cleaned from any dirt attached;
h. The pre-defined pre-stress level was applied in two phases after the curing time of the epoxy adhesive: a torque moment of 40 N×m was applied to the fasteners one day before the test; in the day of the test, this torque moment was re-installed.
For all the strengthened beams the epoxy adhesive preparation followed the supplier recommendations included in the technical data-sheets. The beams were kept in the laboratory environment before being tested. Tests were carried out at least 7 days after the application of the FRP reinforcement.
From a practical point of view, the holes in the MDL-CFRP should be done after it has been glued to the concrete. However, to minimize the damage in the MDL-CFRP during the concrete drilling process, this strategy was not followed in the present work.
The number of fasteners, the space between them and the depth of the holes were chosen taking into account the information derived from a previous experimental program of direct pull-out bond tests [15] . 7
Results
From the results of the performed tests some notes can be taken. In the following paragraphs the main significant aspects are pointed out for the cases of experimental tests and numerical simulations. FRP systems by concrete cover rip-off (detachment of the concrete cover that includes the CFRP strips), the MF-EBR FRP laminates failed by bearing (Fig. 5) . The presence of the anchors avoided the premature debonding (peeling) of the laminates, as well as the detachment of the concrete cover (rip-off).
Monotonic Loading Results
Defining the level of ductility as the ratio between the deflection at the maximum load and the deflection at the yielding of the longitudinal steel bars (δ max /δ y ), in the MF-EBR beam the δ max /δ y was equal to 4.35, which was much higher than the values registered in the other two strengthened beams, the EBR (1.80) and NSM (2.98) beams.
Apparently, in the MF-EBR beam the force corresponding to the crack initiation, F cr , is higher than the F cr of the other beams. This behaviour can be explained by the contribution of pre-stress. In fact, the pre-stress provided by the anchors may have induced a compressive stress state on the concrete cover, which has delayed the concrete crack initiation. This phenomenon could also explain the higher load 8 carrying capacity between the concrete crack initiation and the steel yield initiation of the MF-EBR beam.
After the longitudinal steel bars have yielded, a slight higher stiffness can be observed in the NSM beam, when compared with the MF-EBR beam. This behaviour can be justified by the confinement that surrounding concrete provides to the NSM CFRP laminates [23] . of the fasteners has allowed the development of the highest strain field in the shear span length, which can be justified by analysing the failure mechanism that occurs between two consecutive mechanical fasteners, shown in Figure 7 . Due to the concrete compressive struts formed between mechanical fasteners in the shear span region, the laminate bends introducing an increment of strain due to its curvature, which is responsible for the relatively high strain value registered in the SGf2. Due to the highest strain gradient developed near the most external fasteners, and the decrease of the inclination of the concrete struts in the direction of the supports of the beam, a strain value similar to the ones registered in the other strengthening techniques was recorded in SGf1. Since concrete struts were not formed between fasteners in the pure bending zone, the strain registered in the SGF4 is identical to the strain recorded in the EBR technique. Table 4 includes the relevant results obtained in the post-fatigue monotonic tests, while Fig. 8 depicts the relationship between force and displacement at mid-span up to rupture, after beams having been subjected to one million of cycles.
Fatigue loading
Up to crack initiation the behaviour of these beams was similar to the one observed in the monotonic tests, i.e. the highest cracking load was registered in the MF-EBR beam. In terms of maximum load and ultimate deflection capacity, the NSM was the most effective strengthening technique. When The EBR and NSM beams exhibited the same failure modes occurred in the monotonic tests.
Despite the performance in the monotonic tests, the MF-EBR beam presented a more fragile failure mode with bearing and inter-laminar failure of the FRP. consecutive fasteners, with damage to crack formation concentrated near the fasteners (Fig. 5) , the bond condition of the MDL-CFRP laminates were degraded during the cyclic loading.
In sections 3.1 and 3.2 several explanations were given for the observed phenomena, but no well supported conclusion can be retrieved due to the small number of tests. Therefore, further investigation is required to verify if the observed tendency is confirmed.
Numerical simulation
The monotonic tests were numerically simulated. Aspects such as crack initiation, stiffness degradation, steel yield initiation and load carrying capacity are focused. All the simulations were performed with the FEMIX computer program [24] . The tested beams were modelled as a plane stress problem. As example, Fig. 10 shows the geometry, the finite element mesh, loading configuration and support conditions adopted in the study of the MF-EBR beam. To simulate the concrete part of the specimens, 4-node Serendipity plane stress elements with 2×2 Gauss-Legendre integration scheme were used.
An elasto-plastic multi-fixed smeared crack model was adopted to simulate the nonlinear material behaviour of concrete [25] . The crack evolution in fracture mode I was simulated using the Cornellisen A uniform temperature variation of -146ºC was applied to the frame elements, in order to simulate the pre-stress in anchors (40 N×m torque). With this temperature variation is possible to induce in the anchors the same compressive state that the real torque gives to them. 
Conclusions
In this paper the flexural strengthening effectiveness of a new technique (MF-EBR) is investigated. This technique combines the fasteners from the MF-FRP technique and the epoxy bond-based performance from the EBR technique. In addition, all the fasteners are pre-stressed. This flexural strengthening technique uses multi-directional laminates exclusively made with carbon fiber reinforced polymers (CFRP).
To compare the efficiency of the MF-EBR, EBR and NSM strengthening techniques, an experimental program with RC beams was carried out. This program is composed by two series of beams, one submitted to monotonic loading and the other to a fatigue loading. In the monotonic tests, when compared to the reference beam, an increase on the loading carrying capacity of 37%, 87% and 86% was obtained for the EBR, MF-EBR and NSM strengthened beams, respectively. When compared to the EBR beam, an increase of about 37% on the loading carrying capacity for MF-EBR technique was obtained.
The most favourable aspect of the MF-EBR technique was, however, the deflection level at ultimate load (δ max ), which is an indicator of ductility performance. In fact the normalized deflection capacity at maximum load (δ max /δ y , with δ y being the deflection at yield initiation) was 4.35, which was much higher than that registered in the other two strengthened beams, the EBR (1.80) and NSM (2.98) beams. In addition, more ductile failure mode was observed for MF-EBR technique.
In terms of post-fatigue monotonic tests, the NSM beam has provided the highest increase in the ultimate load (101%), since the MF-EBR and EBR beams presented an increase of load capacity of 84% e 43%, respectively, when compared with the maximum load of the control beam. In the fatigue tests the NSM beam presented the highest normalized deflection capacity at maximum load (6.7), while a value of 3.5 and 2.4 was registered in the MF-EBR and EBR beams, respectively.
In spite of the present results being credible, contributing for the knowledge in this area, further investigation is required to better understand the observed phenomena.
Numerical simulations of the monotonic tests demonstrated that current FEM tools can simulate with high accuracy all the principal aspects observed in the tests such as crack initiation, stiffness degradation, yielding initiation in steel bars, and load carrying capacity. However, the smeared crack models hardly capture the rip-off failure mode observed in the NSM beams, since higher gradient of damage formed in the concrete surrounding the steel bars and CFRP laminates occurred. σ P1 =stress at the end of the first branch; ε P2 =strain at the end of the last branch; σ P2 =stress at the end of the last branch. Note: all units are in millimetres. Note: all units are in millimeters. 
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